Electrical transport properties of individual nanowires (both in axial and transversal directions) and their random networks suggest rapid oxidation when Cu is exposed to ambient conditions. The oxidation process is elucidated by thorough XRD, XPS and Raman analyzes conducted for a period of 30 days. Based on the obtained experimental data, we may conclude that first, cuprous oxide and copper hydroxide form that finally transform to cupric oxide. In electrical applications, oxidation of copper is not a true problem as long as thin films or bulk metal is concerned. However, as highlighted in our work, this is not the case for nanowires, since the oxidized surface plays quite important role in the contact formation and also in the conduction of percolated nanowire networks.
Introduction
The growing interest towards novel nanomaterials to replace costly noble metals such as gold, platinum, and palladium in various electrical applications has fostered considerable effort during the past years. Among the most promising materials, copper nanowires attracted a special attention due to its low cost compared to noble metals, and to the relatively simple synthesis even in large quantities. Owing to the superior electrical conductivity of metallic copper, buried micro-and nanostructures of the metal have been used in microprocessors (Damascene process) for nearly 20 years to replace aluminium interconnects 1 . With the recent development of lithography-free production methods of copper nanowires e.g. by solvothermal synthesis, [2] [3] [4] [5] electrochemical deposition in templates 6, 7 , solid state electrochemical reduction 8 as well as by chemical reduction of oxide nanowires 9 , new perspectives for the applications of low dimensional Cu nanostructures are expected in the near future. So far, the practical applications are limited to surface-enhanced Raman scattering 10 , electrochemical capacitors 11 and infrared polarizers 12 for pure Cu nanowires. Random percolated networks of ultra-long nanowires subjected to annealing at moderate temperatures have been shown as stable electrical wirings in transparent conductive electrodes 13 .
In spite of the numerous advantages that Cu may offer in many applications, the use of its nanostructures in ordinary conditions may pose challenges as it does not develop a thin natural continuous oxide layer on its surface (unlike e.g. lead, aluminum and titanium) that could efficiently protect the metal from corrosion. In order to prevent from oxidation, Cu nanowires are typically coated with or embedded in inorganic materials as well as polymers thus retaining the metallic properties of Cu in core-shell or composite nanostructures. For instance, SiO2 coated Cu core-shell nanowires were demonstrated in surface-enhanced Raman scattering 14 , while graphene encapsulated nanowires 15 and reduced graphene oxide laminated nanowire films 16 were used as transparent electrodes. Composites with PEDOT:PSS or with elastic poly(acrylate) matrix offer another approach for obtaining stable transparent electrodes e.g. for solar cells 17 and flexible coatings 18 .
By reacting with oxygen from the atmosphere, copper forms two narrow band gap oxides such as cuprous oxide (Cu2O, 2.2 eV) and cupric oxide (CuO, 1.4 eV). For practical reasons thus, it is important to reveal any changes in the chemical composition of the nanowires when exposed to air as the degree of oxidation and the oxide phases present in the material can significantly influence the utility of the nanowires. Metallic nanowires would be ideal for electrical interconnects and coatings as listed earlier, while nanoparticles, nanowires and thin films of semiconducting oxide phases may find their applications in liquid crystal displays 19 , catalysis 20, 21 , field-effect transistors 22 but also in solar cells 23 .
The oxidation of bulk and thin film copper under various conditions are extensively studied [24] [25] [26] [27] , and also some reports on the oxidation of copper nanowires is available in the open literature [28] [29] [30] however no systematic measurements are made yet for any thorough explication of electrical behavior and its relation to possible surface oxidation phenomena. Thus, in this work, we study the electrical properties of individual nanowires as well as random networks of Cu in detail, and apply a number of different surface and structure characterization techniques to elaborate the nature and progress of the surface oxidation under atmospheric conditions. Furthermore, we propose the oxidized Cu nanowires to be used as novel efficient heterogeneous catalytic nanomaterials.
Materials and Methods

Synthesis of copper nanowires
Copper nanowires were synthesized by a hydrothermal method 3 . Copper chloride dihydrate CuCl2·2H2O, Dglucose and 1-hexadecylamine (Sigma Aldrich) were used as received without further purification. Copper chloride dihydrate (0.17 mg) was dissolved in deionized water (80 mL) then D-glucose (0.39 mg) and hexadecylamine (1.44 mg) were added slowly under vigorous stirring. After 5 hours stirring a light blue turbid dispersion formed and was placed into a Teflon® lined autoclave (Parr Instrument, Model 4525, 1000 mL) and heated to 393 K. After 24 hours of reaction and spontaneous cooling, the obtained brown dispersion was collected, centrifuged at 2500 rpm (990 RCF) for 15 min. The supernatant was discarded and the reddish solid was redispersed in DI water, ethanol and n-hexane to clean the product. The centrifuging, decantation and redispersion cycle was repeated three times in each solvent and finally the obtained copper nanowires were kept under n-hexane until further analyses in order to prevent them from oxidation.
Structural and surface analyses
Field emission scanning electron microscopy (FESEM, Zeiss Ultra Plus) as well as transmission electron microscopy equipped with energy dispersive X-ray spectroscopy (JEOL JEM-2200FS EFTEM/EDX) were used for analyzing microstructure, morphology and elemental composition, respectively. X-ray diffraction (XRD) patterns were collected with a Siemens D5000 diffractometer (Cu Kα λ=1.542 Å). Raman spectroscopy measurements were carried out using a Horiba Jobin-Yvon LABRAM HR800 UV-VIS µ-Raman device with 488 nm Ar laser. X-ray photoelectron spectroscopy measurements were performed using a Thermo Fisher Scientific Escalab 250 XI XPS system (Al Kα X-Ray source, 1486.6 eV, data evaluation suing Avantage software).
For XRD and XPS analyses the nanowires were drop casted from a hexane dispersion on the surface of a silicon wafer having (100) orientation and on microscope glass slide, respectively.
Electrical characterization
Two probe electrical measurements were performed on drop casted nanowires from hexane dispersion on Si chips Atomic force microscopy (AFM, Multimode 8/ PF-TUNA, Nanoscope V, Bruker, USA) was used to evaluate the current-voltage (I-V) characteristics at the Cu nanowire surface. AFM was operated in spectroscopy mode in air using conductive Pt-coated conical Si probe with spring constant of 2.67 N/m (calibrate via ThermalTune) and typical radius of 30 nm (NSC18/Pt MicroMash, Tallin, Estonia). Cu nanowires dispersed in hexane were drop casted on conductive Au-coated substrate. The substrate was mounted with a conductive carbon tape on AFM metal discs, and to ensure proper grounding, the gold surface was also connected with the AFM sample holder using silver paste. After topography imaging, a 20 points-line was selected on top of the Cu nanowire and the voltage was ramped up and down in the range from -3 V to +3 V while the current signal was recorded. The ramp was obtained three times each point. The same protocol was used on the gold-coated surface next to the Cunanowire to be used as reference. The measurements were repeated at least 3 to 5 times per day and the measurements were carried out for four consecutive days (day 0 to day 3) in the same nanowire. An average of the I-V ramp from 60 to 120 curves was obtained by using OriginPro software (OriginLab Corporation, USA). It has been noticed that in some cases (less than 20% of the total curves) the I-V ramp on top of the Cu nanowire looked like the gold-coated I-V ramp or the other extreme, no current was measured at all. This can be explained by the probe being misaligned compared to the previous image scan. Such obviously erroneous I-V ramps were excluded from the average.
Testing the catalytic activity
The catalytic behavior of oxidized copper nanowires was tested in the wet air oxidation of phenol. The reaction was performed in a Teflon lined autoclave with a capacity of 1 L. The reactor was filled with 180 mL DI water and loaded with 70 mg of copper nanowires oxidized in a lab ambient at room temperature for 14 days. After adding 20 mL of a 50 g/L phenol solution the reactor was closed and purged with synthetic air for 1 h in order to remove the contaminants which could affect the reaction. The final concentration of the phenol in the reaction mixture was 5 g/L. When the system reached its working temperature 413 K, the pressure was 1.8 × 10 3 kPa and the reaction started. The reaction time was 5 h. Samples were withdrawn from the sampling valve each hour and the concentration of phenol was determined by a Hewlett-Packard 6890 GC system with HP-5973 MSD. The column used was a Chrompack CP WAX 52 CB (30 m × 0.25 mm, 0.25 µm film). Since the oxidation of phenol results in its degradation to CO2 and water, the evolved gas was bubbled through a 11 g/L Ba(OH)2 solution in order to detect CO2 gravimetrically by collecting the formed BaCO3 precipitate. Each hour the precipitate was collected, filtered and dried for subsequent weighting and defining indirectly the amount of released CO2.
Results and Discussion
Scanning electron microscopy ( Fig. 1) shows the formed nanowires are straight, have uniform diameter along the whole length, and the structure is free of any kinks or voids. Assessment of as synthesized nanowires by energydispersive X-ray analysis indicates the nanowires are pure metallic Cu, although a small amount of oxygen is present on the wire surface, which can be explained by exposure to atmospheric oxygen during sample preparation (drop casting on Ni grid from ethanol dispersion) and previous washing steps after the synthesis, where ethanol and water are used (which most probably contain dissolved oxygen). The average diameter is about 50 nm and the length of the nanowires was found to be in the range of 10-50 µm. Due to the large aspect ratio, nanowires in high density random networks tend to curve rather than break into smaller pieces caused by the mechanical stress.
Besides the nanowires also nanoparticles with different shapes (tetrahedron, triangular pyramid, perfect cube and spherical form) and size are present in the product (Fig. 1) . It is worth mentioning that the purification process has a significant effect on the particle shape distribution as the small nanoparticles undergo slower sedimentation than the nanowires during centrifugation thus, the supernatant fraction of the dispersion is always enriched in the small nanoparticles. Accordingly, it is possible to reduce and somewhat control the amount of nanoparticles in the product by simply repeating the purification cycles. For testing the electrical properties and its temporal change, which is of particular importance for practical use of these materials, random networks of the grown Cu nanowires were deposited between lithographically defined Pt microelectrodes on Si/SiO2 chips. The resistance of the nanowire films were found to increase rapidly even after a few hours being stored in ambient air ( Fig. 2 (a) ). After a few days, the increase can be several orders of magnitude, which suggests the rapid development of semiconducting surface oxides acting as efficient barriers for electrons to inject from the electrodes to the nanowires and also from one nanowire to another in the percolated conduction path. The resistance of the nanowire networks stored in air (and then measured in argon flow) shows an exponential decrease with temperature, which is a clear signature of thermal activation typical for non-metallic conduction ( Fig. 2(b) ). The activation energy around room temperature is in the range between 0.4-0.5 eV comparable with the barrier measured earlier for freshly deposited copper nanowire networks that developed oxides on their surface rapidly 3 . It is worth noting that the resistance of the nanowire network shows an anomaly in the first temperature scan. The resistance first starts to decrease on heating (as expected for the semiconducting copper oxide phases) then suddenly increases irreversibly with almost two orders of magnitudes after which, the temperature scan follows a reversible exponential change. The irreversible change around 400 K is not understood and cannot be explained by our measurements however might be associated with a recrystallization or structural rearrangement of the nanowires. Current-voltage measurements on individual nanowires (Fig. 3(a) ) drop casted on Si chips with Pt electrodes display very similar behaviour as found for random networks of the nanowires. Right after the deposition between the electrodes (0 hour) the device showed nonlinear behaviour. The nonlinearity of the device is not caused by self-heating as the slope of the curve is higher at higher voltages. The measured I-V curves within the time period of 2 hours did not vary significantly, however 1 day exposure of the sample to ambient air caused a significant decrease of electrical conductivity similar to that reported earlier for template grown Cu nanowires with bottomside contacts. 30 We assume, the continuously growing oxide layers on the surface of the nanowire results in increased barrier for the electrons to pass the Schottky interface between platinum electrode and the semiconducting copper oxide contact.
We have performed current-voltage on individual nanowires also in the transversal direction as shown in Fig. 3(b) by using atomic force microscopy (AFM) in spectroscopy mode. The nanowires in this case were drop casted on a gold-coated surface instead of a patterned chip and probed in 20 different locations (on the same wire) for 3 days of measurement period. The collected I-V curves show very similar nonlinear behavior as measured previously along the wires suggesting that the surface of nanowire has developed a barrier type of oxide layer very rapidly after drop casting from its hexane dispersion. To support our assumptions on the fast development of surface oxides, which eventually limit the electron transport in individual nanowires and also at the boundaries of several nanowires that are in contact, we have carried out a number of bulk and surface characterization measurements as a function of time.
For analyzing any crystalline phase evolution on the nanowires, X-ray powder diffraction was carried out on drop casted films. Reflections appearing in the XRD pattern at 43.4°, 50.5°, 74.1°, 90.0° and 95.2° can be perfectly indexed to fcc Cu (111), (200), (220), (311) and (222) crystal planes, respectively (Fig. 4a) . No other peaks corresponding to cuprous or cupric oxide were observed even up to 7 days of storage of the samples in ambient conditions. After 10 days a new low intensity peak assigned to cuprous oxide appeared at 36.4°, but crystalline cupric oxide was not observed even after 21 days. Since copper is known to develop oxides on its surface, the lacking reflections in the XRD patterns clearly indicate that either the oxides are not crystalline or have extremely small crystal size making it hard to detect. 31, 32 To reveal any non-crystalline oxide phases, we also performed μ-Raman analysis. Spectra of the nanowires were collected up to 30 days of oxidation periods (Fig. 4b) . The spectrum for the 0 day sample (i.e. fresh sample with maximum 5 min exposure to air) displays several sharp peaks at 106, 143, 218 cm -1 as well as broadened ones at around 530 and 630 cm -1 that correspond to Cu2O according to experimental 31, [33] [34] [35] and theoretical 36 data in the literature. The spectra obtained in the first 7 days of experiments are very similar to the one measured at day 0.
Only the overall intensity of the individual spectra recorded at different days show some variations, which is caused by the variation of surface locations probed by the Raman laser (viz. the rough sample surface reflects differently in different locations). On day 10, two new peaks appeared at around 293 cm -1 and 339 cm -1 along with a broad band around 1100 cm -1 , that are characteristic for cupric oxide CuO 31, 32, 37 . In addition, the peak located at around 630 cm -1 (originally assigned to Cu2O) became broader after 10 days due to the appearance of a peak at 624 cm -1 that can be attributed to CuO 31, 37 . Qualitative assessment of copper oxidation states was achieved by high resolution Cu LMM Auger as well as Cu 2p3/2 and O 1s X-ray photoelectron spectroscopy collected during the measurement period for up to 30 days ( Fig.   5(a-c) ). In order to compensate for any energy shifts (e.g. due to surface charging) the spectra are referenced to the main component in C 1s spectra (at 284.8 eV) recorded on each measurement day (Fig. 5(d) ). According to the resolved peaks centered at 935.1 eV (Cu(OH)2), 933.3 eV (CuO), 932.2 (Cu2O and/or Cu) and 931.1 eV (unidentified) in the Cu 2p3/2 spectra a number of different products were found to be present on the surface from the beginning of the analysis. Already at the 0 day the presence of low intensity CuO and Cu(OH)2 peaks is somewhat surprising, since the mechanism of Cu oxidation is believed to proceed first with the formation of Cu2O phase, which subsequently transforms to hydroxide and cupric oxide 38 .
The immediate detection of hydroxide may be due to the wet chemical synthesis as well as to the washing step in water 38 (besides hexane and ethanol). However, the rising intensity of the Cu(OH)2 peak after day 0 indicates that the surface absorption of water vapor from the atmosphere is significant upon storage in ambient conditions. Dehydration and transformation of the metastable hydroxide phase to cupric oxide seems to occur simultaneously according to the immediate appearance of the low intensity CuO peak at around 933.3 eV as well as the corresponding low intensity satellites between 943 and 947 eV. 39 Although the intensity of these satellites varies depending on the day of the measurement, they stay rather low during the entire duration of our experiments, i.e. the overall amount of the CuO phase on the surface is very small compared to Cu2O or Cu phases. As there is only a little difference in binding energies of metallic Cu and Cu2O, these two components cannot be distinguished from each other in the Cu 2p3/2 spectrum thus we analyzed these components by Auger spectroscopy.
The results of Cu LMM Auger spectra depicted in Fig. 5b , show that on day 0 both metallic and oxide states of copper are present at the same time. This proves that the time period between the preparation of the sample and the measurement was not enough for the oxidation of the whole surface (or at least not deeper than a few nanometers). In fact, for CuO and Cu(OH)2 the same trend is observed here as on the Cu 2p3/2 spectra though, here the Cu2O phase can be distinguished clearly from the metallic Cu component by the resolved peaks at 916.8 eV and 918.6 eV, respectively. Extended period of exposure to oxygen resulted in the rise of cupric oxide peak at 917.7 eV, whereas the metallic Cu peak at 918.6 eV is gradually decreasing and disappearing by day 21 of storage in air. The continuous oxidation of the nanowires can be well explained by the good diffusion of Cu through the oxides 40 , while the increasing amount of Cu(OH)2 is due to the adsorbed water from the atmosphere reacting with the surface oxides. The broad feature in the Cu LMM spectra at around 913 eV is related with the Coster-Kronig transition 41 .
Analysis of O 1s spectra (Figure 5c ) supports the previous observations related to the change in the oxidation states of copper. The measurement performed on the 0 day shows a high intensity peak located at 530.1 eV that confirms the presence Cu2O. The other two peaks with significantly lower intensities located at 529.2 eV and at 530.5 eV correspond to CuO and Cu(OH)2, respectively. The intensities of the CuO and Cu(OH)2 peaks continuously increase with the storage time. In addition, a fourth broad peak gradually appears around 532.5 eV related to organic compounds adsorbed from air. As for the C 1s core level component, the main peak at 284.8 eV is associated with adsorbed organics having C-C bonds. A minor peak at 283.3 eV suggests metal carbide 42, 43 on the surface, which may explain the low intensity unidentified component in the Cu 2p3/2 spectrum at 931.1 eV.
The existence of carbide peak at 283.3 eV may be explained by the interaction of hexane (storage medium before the oxidation experiments). Other minor peaks also found at higher energies (286-288 eV) are associated with oxygenates having C-O, C=O and O=C-O bonds, 25 however surface sulfates and carbonates that can potentially form from the atmospheric impurities upon extended period of exposure were not detected. Based on the assessment of XPS data thus the evolution of copper oxidation starts by the simultaneous formation of cuprous oxide and hydroxide, which then oxidize further to cupric oxide. The progress of oxidation is well illustrated by the change of concentration of various components in the nanowire powder (Fig. 6 ). Although the partial oxidation of these hydrothermally grown Cu nanowires seems to hinder direct applications of these materials in electronics, the coexistence of various oxide phases may be beneficial for surface mediated redox processes, i.e. for heterogeneous chemical reactions [44] [45] [46] as well as for electrochemical applications [47] [48] [49] [50] . To check whether the oxidized nanowires studied in this work are suitable as catalyst, here we select a simple model reaction, namely the catalytic phenol oxidation with wet air. Nanowires of oxidized Cu were dispersed in aqueous phenol solution and air was then bubbled through in an autoclave heated to 413 K. According to gaschromatography measurements, the nanowires are catalytically highly active as indicated by the quick degradation of phenol (1 g in 200 mL water) over only 70 mg of catalyst within 5 hours of reaction. Phenol conversion measured by gas chromatography was also compared to values obtained indirectly from BaCO3 formation (by bubbling the downstream products through Ba(OH)2 solution). The results show considerable difference of the two conversion values indicating that a large fraction of phenol (~70%) is not mineralized (i.e. oxidized to water and CO2) and possibly forming also other products and decomposition intermediates. Pires 51 et al. performed a similar process testing the catalytic activity of different materials including commercial CuO. According to their report, the overall catalytic performance of CuO is quite comparable to other copper containing catalysts on different supports, although with pronounced formation of acetic acid in the product besides CO2. Interestingly, in our case we could not identify any acetic acid or other byproducts in the reaction mixture with GC-MS suggesting the formation of some insoluble gas products and/or solid precipitates. After the reaction thus the reactant mixture in the vessel was filtered and dried, and the collected powder was then analyzed by SEM, which revealed polyphenol nanospheres having size of about 200 nm in the products (inset in Fig. 7 ). Earlier studies briefly indicated the possibility of phenol polymerization as a result of oxidation reaction in aqueous media 52, 53 . Some authors used stabilizers to polymerize phenol and their reports showed polyphenol nanospheres very similar to our results 54, 55 .
In here, we could prepare polyphenol nanoparticles without the addition of any stabilizer. The adsorption of the polymeric product 56 on the surface of catalyst with subsequent decreasing of activity was reported for CuO catalyst, which coincides with our results. 
Conclusions
Electrical measurement data on individual Cu nanowires and on random networks indicate a dramatic decrease of electrical conductance after a few days of storage. According to X-ray diffraction as well as μ-Raman, X-ray photoelectron and Auger spectroscopy, Cu nanowires synthesized by the hydrothermal route undergo rapid oxidation when stored in ambient conditions similar to other Cu surfaces made by different methods. The main oxide phase is Cu2O, however both CuO and Cu(OH)2 are gradually forming on the surface. Storage for weeks in air eventually results in the complete loss of metallic copper on the surface. According to the results of this work, the poor electrical interface between the nanowires is caused by the formed semiconducting phases on the surface.
Based on the data presented here, direct applications of the hydrothermally grown nanowires in electronics is limited, however the mixed surface oxide states may be very valuable e.g. in heterogeneous catalysis as active surfaces in redox reactions.
